A long-standing problem in large-eddy simulations (LES) of the planetary boundary layer (PBL) is that the mean wind and temperature profiles differ from the Monin-Obukhov similarity forms in the surface layer. This shortcoming of LES has been attributed to poor grid resolution and inadequate sub-grid-scale (SGS) modeling. We study this deficiency in PBL LES solutions calculated over a range of shear and buoyancy forcing conditions. The discrepancy from similarity forms becomes larger with increasing shear and smaller buoyancy forcing, and persists even with substantial horizontal grid refinement. With strong buoyancy forcing, however, the error is negligible.
Introduction
Large-eddy simulation (LES) is a well established tool for the study of turbulent flows (Wyngaard, 1984; Reynolds, 1989) . The physical basis for LES is the separation of the flow into large-scale or resolved and small-scale or subgridscale (SGS) motions: the larger scales contain most of the energy and turbulent fluxes and are more dependent on the flow environment, while the less energetic SGS motions are believed to be more universal in character. The scale separation is determined by the choice of a spatial filter, which for practical purposes is fixed by the numerical resolution. Modeling the effects of the SGS motions on the resolved motions is a somewhat empirical science; however, it has been found that many aspects of LES solutions are relatively insensitive to the type of SGS model (Nieuwstadt et al., 1993) , at least for conditions where the resolved motions are dominant.
Numerous SGS models have been proposed with varying levels of sophistication. In the context of planetary boundary-layer (PBL) flows, Deardorff (1980 ), Nieuwstadt and Brost (1986 ), and Moeng (1984 (1991) .
The variety of SGS models arises both because the theoretical justifications are arguable and because LES solutions are sensitive to the type of SGS model where the SGS motions are not conspicuously weaker than the resolved motions, e.g., near walls and in strongly stable density stratification. As evidence of this sensitivity, the turbulent motions in a LES of shear-driven channel flow cannot be sustained without reducing the dissipative effects of the SGS model (e.g., Moin and Kim. 1982) . For shear flows, standard SGS models which use the theoretical values for the SGS constants are too dissipative with respect to the resolved motions. Recently Mason and Thomson (1992) showed that a typical LES wind-shear profile (i.e.. the vertical derivative of the mean horizontal wind) deviates from the well established Monin-Obukhov similarity forms (Businger et al.. 1971 ) near a bounding surface. They proposed a correction by introducing stochastic backscatter in their Smagorinsky SGS model that produced better agreement between LES and similarity forms; however, the computational cost of this model is high and the resulting resolved flow is significantly agitated by stochastic excitations, particularly near the boundary. Schumann (1993) pointed out that the addition of SGS stochastic backscatter significantly influences the resolved motions since a considerably larger eddy viscosity is required to dissipate the extra energy generated. Another known means for matching the similarity forms is by direct numerical simulation with finite viscosity (Spalart, 1988) , but this conflicts with the LES goal of simulating fluid dynamics at large Reynolds number without the computational burden of resolving the viscous boundary layers.
There is increasing evidence that intermittent coherent structures carry most of the turbulent fluxes of momentum and buoyancy in the PBL and that these structures are preferentially generated near the ground (e.g., Mahrt and Gibson, 1992: Moeng and Sullivan, 1993 ). An important goal for LES is to represent at least the strongest of these structures. This, we believe, can be accomplished by allowing the resolved dynamics to be both weakly damped and weakly agitated by the SGS interactions, even in the vicinity of the boundary. Thus we accept the diagnosis of Mason and Thompson that current LES solutions are deficient in their surface layer by failing to match similarity forms for the first and second statistical moments of the turbulent PBL; however, our view is that both the statistical moments and the important dynamical motions can be recovered from the resolved motions by using a combination of a less dissipative SGS model and adequate grid resolution.
In this paper we examine in detail the surface layer of a PBL in LES solutions and the extent to which a new, simple SGS model is capable of diminishing their discrepancies from similarity forms.
